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Cell-type diversity along the dorsoventral axis of the developing neural tube is influenced by factors secreted by groups of
cells at the dorsal and ventral midline. Upon reception of these signals, precursor cells express specific sets of transcription
factors which, in turn, play critical roles in cell-type specification. Here we report the cloning and characterization of Sox14,
novel and highly conserved member of the Sry-related Sox transcription factor gene family, in mouse and chick. Sox14
expression is restricted to a limited population of neurons in the developing brain and spinal cord of both species. Sox14
marks a subset of interneurons at a defined dorsoventral position adjacent to ventral motor neurons in the spinal cord. In
vivo grafting of chick notochord tissue to ectopic positions adjacent to the developing spinal cord altered the expression
domain of Sox14. Furthermore, expression of Sox14 in spinal cord explants was found to be regulated by Sonic hedgehog in
a dose-dependent manner. These data implicate a novel class of transcription factors in dorsoventral cell-type specification
in the spinal cord. © 2000 Academic Press
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Processes that govern cell-type specification in the verte-
brate central nervous system (CNS) are a major focus in
developmental neurobiology. Particular attention has been
paid to the investigation of mechanisms underlying the
specification of neuron types along the dorsoventral (D-V)
axis of the spinal cord. Numerous subtypes of neuronal
cells arise from multipotent progenitor cells in a general
temporal sequence running from ventral to dorsal. Chosen
for relative simplicity of structure and experimental acces-
sibility, studies of spinal cord development have led to the
identification of several molecular determinants of cell type
along the D-V axis.
Many molecular investigations have focused on the de-
velopment of a ventral group of cells that differentiates
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142arly in the spinal cord to generate motor neurons and the
ole of the notochord- and floor plate-derived signaling
olecule Sonic hedgehog (SHH) in this process (Yamada et
l., 1993; Roelink et al., 1994; Martı´ et al., 1995). However,
ittle is known of the processes involved in the generation
f interneurons, which lie dorsal to motor neurons and
ake up the majority of neurons within the spinal cord. A
umber of interneuron subpopulations have been defined
y a combinatorial expression of transcription factor genes,
ncluding paired-box gene Pax2; homeobox genes En-
railed1, Evx1, and Chx10; and LIM-homeobox genes Lim1,
2, and -3, Islet1 and -2, and Lmx1 (Burrill et al., 1997;
ricson et al., 1997; Liem et al., 1997; Matise and Joyner,
997). At least two distinct subpopulations of interneurons
hat arise in the ventral spinal cord appear to be induced by
HH derived from the notochord and floor plate (Ericson et
l., 1997). Subpopulations of dorsal interneurons, on the
ther hand, appear to be induced by TGFb-related signaling
molecules expressed by the dorsal neural tube (Liem et al.,
1997, Lee et al., 1998). These observations indicate that the
specification of distinct interneuron subtypes in the devel-
oping neural tube requires coordinated expression of mul-
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143Sonic Hedgehog Regulation of Sox14-Positive Interneuronstiple transcription factors whose expression is initially
triggered by signaling involving SHH, TGFbs, and perhaps
other molecules.
Sox genes encode a family of transcription factors char-
acterized by a 79-amino-acid HMG DNA binding domain
and are implicated in diverse processes during vertebrate
organogenesis. Sox1, -2, -3, -9, -11, -19, and -21 are expressed
in relatively broad domains in the CNS and appear to be
involved in neuronal competence and/or maturation
(Uwanogho et al., 1995; Collignon et al., 1996; Vriz et al.,
1996; Hargrave et al., 1997; Rex et al., 1997; Pevny et al.,
1998, Uchikawa et al., 1999). Other Sox factors appear to
act as switches for the differentiation of various cell types,
including Sertoli cells (Koopman et al., 1991; Rossi, 1993),
chondrocytes (Wright et al., 1995; Bi et al., 1999), and
neural crest cells (Southard-Smith et al., 1998; Kuhlbrodt et
al., 1998; reviewed by Wegner, 1999).
We report here the isolation and characterization of
Sox14, a novel member of the Sox gene family, from both
mouse and chicken. We find that Sox14 is expressed in a
limited population of neurons within the developing brain
and spinal cord. By comparison of Sox14 expression with
that of other molecular markers, we demonstrate that
expression of Sox14 demarcates a subpopulation of inter-
neurons at a distinct dorsoventral position in the ventral
spinal cord that overlaps with, but differs from, groups of
cells expressing other interneuron markers. We show that
the dorsoventral domain of Sox14 expression is influenced
by cues emanating from the notochord and that recombi-
nant SHH protein can act, in a dose-dependent manner, as a
molecular regulator of Sox14-expressing interneuron differ-
entiation. These findings extend the role of SHH in the
specification of ventral neuron classes and implicate Sox14
in the differentiation and/or function of these cells.
MATERIALS AND METHODS
Cloning and sequence analysis. A 16-kb genomic clone con-
taining the putative Sox14 open reading frame (ORF) was obtained
by screening a male 129SV mouse genomic DNA library in the
Lambda FIX II vector with a previously isolated mouse Sox14 HMG
box fragment (170 bp, GenBank Accession No. Z18963; Wright et
al., 1993) using standard methods. A chick genomic DNA library
constructed in the EMBL-3 phage vector (Clontech) was screened
using a fragment of mouse Sox14 genomic DNA spanning the 39
coding region (EagI–HindIII fragment, 414 bp, Fig. 1A), and an 11-kb
genomic clone containing an HMG domain highly homologous to
that of mouse Sox14 was isolated.
A mouse 39 Sox14 cDNA clone was obtained by rapid amplifi-
ation of cDNA ends (RACE) using Sox14-specific cDNA anchor
primer gSox14b (CAA GAA GGA CAG GTA TGT CTT CC) and
nested 39 primers as described previously (Jeske et al., 1995) and
oly(A)1 RNA purified from 11.5-days postcoitum (dpc) whole-
ouse embryo using a mRNA purification kit (Pharmacia Quick-
rep). A mouse Sox14 59 cDNA clone was isolated using a Mara-
hon RACE kit (Clontech) according to the manufacturer’s
rotocol, a gene-specific primer Sox14e (CAG GCG GTA CAG c
Copyright © 2000 by Academic Press. All rightTA CAG GGG CAC CAC GTA G), and poly(A)1 RNA purified
rom 12.5-dpc mouse brain.
A chick Sox14 cDNA contig of approximately 1.75 kb in length
as constructed from several partial cDNA clones obtained by
creening a stage 25–26 embryonic chick brain cDNA library using
0.5-kb SacI–PstI chick genomic fragment as a probe and from a
cDNA fragment amplified by RT-PCR with gene-specific primers
(1F, GTG AAT TCA TGT CCA AAC CCA GCG AC; 3R, GTG
AAT TCC GAG GTT CGC GCT TCT TTT C).
In situ hybridization. Mouse embryos were obtained from
pregnant CD1 or Swiss mice. The stage of embryos was determined
by designating noon on the day of plug confirmation as 0.5-dpc. In
addition, stereotyped limb shapes characteristic of each develop-
mental stage were used as a guide (Rugh, 1968). Fertilized White
Leghorn chick eggs were purchased from a local hatchery (Ingham
Enterprise, Brisbane) and incubated at 37.5°C for an appropriate
period in a humidified, forced-draft incubator. The developmental
stages of the chick embryos were determined according to the
Hamburger and Hamilton (1951) designation.
Whole mouse and chick embryos or portions of brain and spinal
cord were dissected in ice-cold phosphate-buffered saline or
Lebovidz-15 (L-15) culture medium and fixed in 4% paraformalde-
hyde (PFA) in 0.1 M phosphate buffer overnight at 4°C. Whole-
mount in situ hybridization was performed as previously described
(Hargrave et al., 1997) with minor modifications. Sense and anti-
sense RNA probes were labeled with digoxigenin (DIG; Boehringer-
Mannheim). Hybridization and washing steps were carried out at
65°C. Templates for DIG-labeled RNA probes were as follows:
mSox14 (EagI–HindIII fragment, 414 bp, Fig. 1A), cSox14 (SacI–PstI
fragment, 475 bp, Fig. 1A), mChx10 (1035 bp HindIII–XhoI frag-
ment; Liu et al., 1994, kindly provided by Dr. Martyn Goulding,
Salk Institute, La Jolla, CA), cChx10 (EcoRI–SalI fragment, 855 bp,
kindly provided by Dr. Kiyo Sakagami and Dr. Kunio Yasuda,
NIST, Japan), and mouse Engrailed1 (mEn1, IMAGE Consortium
EST clone 349101, Accession No. W30468). Section in situ hybrid-
ization was performed on 12- to 14-mm cryostat sections of fresh-
rozen or PFA-fixed mouse and chick embryos or chick neural
xplants as described previously (Tsuchida et al., 1994).
Immunohistochemistry. Immunohistochemistry on mouse
nd chick cryostat sections was performed as previously reported
Yamada et al., 1991). The mouse monoclonal antibodies used in
his study were anti-EN1 antibody (clone 4G11), pan-ISLET1/2
ntibodies (clones 4D5 and 2D6), and LIM3 antibody (clone 4E12),
ll used at 1:10 dilution. The primary antibodies were kindly
rovided by Dr. Tom Jessell and Dr. Susan Brenner-Morton (Co-
umbia University, New York, NY) (Ericson et al., 1992; Tsuchida
t al., 1994). Primary antibodies were detected by a secondary
ntibody [anti-mouse IgG goat antibody, conjugated either with
ODIPY-FL (Molecular Probes, Inc., Eugene, OR) for fluorescence
etection or with horseradish peroxidase (Boehringer Mannheim)
sing 39,39-diaminobenzidine (DAB) as a color substrate]. Com-
ined in situ hybridization and immunohistochemistry was per-
ormed by washing sections in PBS after completion of in situ
ybridization staining and blocking with 10% normal sheep serum
n PBS for 1 h. The sections were then incubated with primary
ntibody overnight at 4°C. The primary antibody was detected
sing a Vectastain Elite ABC kit (Vector Laboratories, CA) and
AB substrate according to the supplied protocol. Sections were
bserved and photographed using a compound fluorescence micro-
cope with Nomarski optics (Olympus AX-70).
In vivo grafting. The in vivo grafting of ectopic notochord in
hick embryo was performed as described previously (Yamada et
s of reproduction in any form reserved.
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144 Hargrave et al.al., 1991). In brief, a small fragment of notochord was isolated from
a donor chick embryo (HH stage 10) in L-15 medium using the
enzyme Dispase (Boehringer Mannheim). The donor notochord
fragment was then grafted either lateral to or dorsal to the caudal
end of the neural tube. After the operated embryo was incubated in
ovo for another 72–80 h, the operated spinal cord was dissected
rom the embryo and analyzed by whole-mount in situ hybridiza-
tion with DIG-labeled Sox14 probe as described above.
Chick neural plate explant culture. The intermediate region of
the neural plate was isolated from the most caudal neural tissue of
HH stage 10 chick embryos and cultured in a drop of collagen
(Vitrogen 100; Collagen Corp., CA) in a serum-free, defined culture
medium (F12 with N3 supplement) as described previously
FIG. 1. Cloning and characterization of the chick and mouse Sox1
enomic fragments containing the Sox14 ORF are shown as thick li
omain is filled. E, EagI; H, HindIII; P, PstI; R, RsaI; Sc, SacI; *stop c
re shown as thin lines below the genomic clones. Oligonucleoti
AF193437) and cDNA (AF193435) and chick cDNA (AF193760
urrounding the putative translation initiation sites (delineated b
ivergence 59 of the start codon. Kozak consensus sequences are b
equences with that of chick SOX21. Identical residues are shad
nderlined. Additional residues present in SOX21 are indicated in(Yamada et al., 1993). The explants were cultured for approxi-
Copyright © 2000 by Academic Press. All rightmately 80 h at which time the explants reach a developmental
stage equivalent to stage 25 (E4.5–5) in vivo. Purified recombinant
mino-terminal portion of mouse Sonic hedgehog protein (SHH-N;
orresponding to amino acid residues 1–198, Batch 5066, a gift from
r. Tom Jessell and Dr. Susan Brenner-Morton, Columbia Univer-
ity, New York, NY) was diluted with serum-free, defined culture
edium and applied directly to the explants. The protein concen-
ration of the SHH-N stock was found to be approximately 30
mg/ml by comparing with a protein standard (BSA) on a Coomassie
Blue-stained SDS–PAGE gel.
RT-PCR assay. Induction of Sox14 and other cell type-specific
marker genes was analyzed by reverse transcription-polymerase
chain reaction (RT-PCR) assay as described previously (Yamada et
es. (A) Genomic and cDNA clones of chick (top) and mouse Sox14.
nd the coding region as an open box. The region encoding the HMG
. cDNA clones derived from library screening or PCR amplification
imers used for PCR amplification are indicated. Mouse genomic
uences have been deposited with GenBank. (B) The sequence
owheads in A) is aligned to demonstrate the degree of sequence
. (C) Alignment of the chick and mouse SOX14 putative protein
lack and conservative substitutions gray. The HMG domain is
rcase.4 gen
nes a
odon
de pr
) seq
y arr
oxed
ed bal., 1993; Tanabe et al., 1995). The primers used in this study were
s of reproduction in any form reserved.
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145Sonic Hedgehog Regulation of Sox14-Positive InterneuronscSox14 (forward, TAC TCC TTA CTT GAC CCA GCC AG;
everse, AC CAA GCG GTA CAG TTA CAC GG; amplifying 217
t at positions 511–727 nt), cIslet1 (forward, ATC GCC GGG GAT
GAG CTG GCG GCT; reverse, TCA AAC CTA CTT TGG GGT
CTT AAA; amplifying 426 nt at positions 211–636 nt; Tanabe et
al., 1995), cNetrin1 (forward, TGG GCA GCA CCG AGG AC;
reverse, CCT TCC ATC CCT CAA TA; amplifying 232 nt at
positions 1857–2088 nt; Tanabe et al., 1995), and cS17 (forward,
TAC ACC CGT CTG GGC AAC GAC; reverse, CCG CTG GAT
GCG CTT CAT CAG; amplifying 129 nt at positions 61–189 nt;
Kornhauser et al., 1994). At the end of the culture period, total
RNA was extracted from a pool of neural plate explants (N 5 9–10
for each condition) using an RNA extraction kit (RNagent; Pro-
mega) according to the manufacturer’s protocol. Using the ex-
tracted total RNA as a template, RT-PCR was performed using a
Single Tube RT-PCR mix according to the manufacturer’s protocol
(Boehringer Mannheim). The amplified PCR product was detected
by Southern blotting followed by hybridization with 32P-labeled
ene-specific probe and exposed to X-ray film as described previ-
usly (Yamada et al., 1993; Tanabe et al., 1995).
RESULTS
Isolation and Characterization of Mouse
and Chick Sox14
The mouse Sox14 putative coding region was identified
y sequencing a combination of genomic and RACE clones
nd found to be 720 bp in length (Fig. 1A). Identity between
he mouse genomic and cDNA sequences showed that
ox14 lacks introns, as has been described for the related
enes Sox1, -2, and -3 (Collignon et al., 1996). A 1.75-kb
hick Sox14 cDNA sequence contig was assembled from
DNA library clones and an RT-PCR fragment (Fig. 1A).
he chick Sox14 cDNA contig contains the putative coding
egion, short 59 and 39 untranslated regions, and a putative
polyadenylation site (Fig. 1A). As with mouse Sox14, the
cDNA sequence was identical to chick genomic sequence
determined in this and another independent study (Uchi-
kawa et al., 1999), indicating a lack of introns. The chick
cDNA corresponds well with a 2.3-kb single band seen by
Northern blotting using stages 25–26 chick brain- and
whole embryo-derived poly(A)1 RNA samples (data not
hown).
The SOX14 protein translation start site was deduced to
ie at the first methionine codon in the open reading frame,
ased on several observations. This methionine codon is in
n identical position in mouse and chick and is in a Kozak
onsensus environment for efficient initiation of transla-
ion (Kozak, 1989); homology of the mouse and chick
equences is extremely high downstream (39) of this point
ut is negligible upstream (Fig. 1B). Sox14 thus encodes a
utative protein of 240 amino acid residues, containing an
-terminal HMG box and a C-terminus consisting of 54%
ydrophobic and 32% polar residues (Fig. 1C). Although
any SOX proteins contain distinct domains involved in
ranscriptional regulation or protein interactions (Wegner,
999), Sox14 has no significant homology to any of these
egions. A recent investigation has suggested that the
Copyright © 2000 by Academic Press. All right-terminal portions of chick SOX14 and the related SOX21
ontain motifs that allow these proteins to function as
ranscriptional repressors (Uchikawa et al., 1999).
Mouse and chick Sox14 show extremely high sequence
dentity throughout the putative protein coding region
95% at the protein level and 84% at the nucleotide level,
ig. 1C). In addition, genomic sequences of Sox14 are very
similar in human (95% nucleotide identity to mouse Sox14;
Arsic et al., 1998; Malas et al., 1999; M.H., P.K., and T.Y.,
manuscript in preparation, GenBank Accession No.
AF193436), gecko (79% over 576 bp; E.M.A. Valleley, per-
sonal communication), and zebrafish (78% over 614 bp; H.
Wada and H. Okamoto, personal communication). These
data demonstrate strong conservation of Sox14 throughout
vertebrate evolution, suggesting an important function that
has been conserved between vertebrate species.
Sox genes are related by a high degree of conservation of
protein sequence in the HMG domain (Bianchi, 1995).
According to a previously proposed grouping system, Sox14
has been classified as a member of Sox group B, whose
members include Sox1, -2, -3, -19, and -21 (Wright et al.,
1993; Vriz et al., 1996; Rex et al., 1997). Although protein
sequence alignment of group B members revealed a number
of conserved motifs outside the HMG box in Sox1, -2, and -3
and to a lesser extent in Sox19, these motifs are lacking in
Sox14 and Sox21. Sox14 and -21 share significant sequence
homology (71% identity and 83% similarity at protein
level) throughout the length of the protein coding region
(Fig. 1C), an observation that suggests that these two genes
form a distinct subset within Sox group B (Uchikawa et al.,
1999).
Sox14 Marks a Distinct Subpopulation
of Interneurons in the Spinal Cord
To gain an insight into the role of Sox14 in vertebrate
development, we studied its expression by in situ hybrid-
ization in chick and mouse embryos. Sox14 expression was
detected only in the brain and spinal cord in both species
(Figs. 2A and 2B). In the brain, expression was observed in a
complex pattern including domains in the ventral dien-
cephalon, midbrain, hindbrain, pretectum (Figs. 2C and
2D), and tectum (not shown). The identity of cells express-
ing Sox14 in the brain is currently under investigation.
In addition to expression in the developing brain, Sox14
expression was also observed in a population of cells in the
developing spinal cord. We investigated the temporal and
spatial expression pattern of Sox14 in this system in detail
as the cellular organization is much simpler than that in the
brain at early stages of development.
In stage 18 chick spinal cord, Sox14-positive cells were
located at the lateral border and immediately dorsal to the
motor neurons (as judged by Islet1 expression) in a bilater-
ally symmetrical manner (Figs. 3A and 3B). At stage 24,
expression of Sox14 had expanded medially but remained
dorsal to that of motor neurons (Figs. 3C and 3D). At later
embryonic stages, we compared expression of Sox14 with
s of reproduction in any form reserved.
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146 Hargrave et al.that of the homeodomain gene Lim3, which is expressed in
the medial motor column (Tsuchida et al., 1994). Consis-
tent with earlier expression, the domain of Sox14 expres-
sion did not appear to overlap with the medial motor
column (Figs. 3E, 3F, 4A, 4E, 4J, and data not shown). Lim3
is also expressed in a ventral interneuron population and
Sox14 expression was located at a dorsoventral level similar
to that of these cells. Since Sox14-expressing cells were not
found in the ventricular zone, where precursor cells ac-
tively divide (Hamburger, 1948), and no significant gliogen-
esis occurs in the ventral spinal cord before stages 26–27 in
chick (Richardson et al., 1997), we conclude that the
Sox14-positive cells are a subset of postmitotic ventral
interneurons.
To further clarify the nature of Sox14-positive interneu-
FIG. 2. Whole-mount in situ hybridization of (A) stage 25 chick a
is restricted to domains within the brain (arrows) and spinal cord
overlying tissue. Matching domains between chick and mouse in
respectively. The apparent staining within the eye and otocyst of
reagent trapping, respectively. (C) Whole-mount in situ hybridizati
Sox14 expression can be seen in the rostral spinal cord and in vent
seen in the pretectum (arrow), in the ventral diencephalon (arrowh
Scale bar, 500 mm.rons within the ventral spinal cord, we compared the e
Copyright © 2000 by Academic Press. All rightxpression of Sox14 with that of Engrailed1 (En1), Chx10,
nd Lim3. These markers have been shown previously to
efine two distinct ventral interneuron subtypes in the
eveloping spinal cord of both chick and mouse (Ericson et
l., 1997; Matise and Joyner, 1997). En1 expression marks
ore dorsally located ventral interneurons (the so-called V1
nterneurons; Ericson et al., 1997), while Lim3 is expressed
n both medial motor neurons and a subset of ventral
nterneurons located more ventrally than those expressing
n1. The population of Lim3-positive interneurons coex-
resses the homeodomain gene Chx10 and they have been
ermed V2 interneurons (Ericson et al., 1997).
In stage 25 chick embryos, Sox14-positive interneurons
ere generally more ventral to interneurons expressing
N1 protein (Figs. 4A and 4B), although some overlap of
) 11.5-dpc mouse embryos with Sox14-specific probes. Expression
eling in the spinal cord is not visible due to the thickness of the
pretectum and midbrain are shown as arrows and double arrows,
hick embryos is artifactual and due to natural pigmentation and
hemisected chick stage 25 and (D) mouse 11.5-dpc embryo heads.
mains within the hindbrain and midbrain. Expression can also be
and adjacent to the zona limitans intrathalamica (zl, dotted line).nd (B
. Lab
the
the c
on of
ral do
ead),xpression domains was noted. Sox14-positive interneurons
s of reproduction in any form reserved.
a
v
C
p
L
t
r
a
o
4
o
m
F
t
i
s
c
s
r pla
147Sonic Hedgehog Regulation of Sox14-Positive Interneuronswere generally located at a dorsoventral level similar to that
of those expressing Chx10 and LIM3 (Figs. 4A, 4C, and 4D)
nd labeling of Sox14 and LIM3 expression together re-
ealed a number of cells that express both markers (Fig. 4K).
ells expressing both markers and located at more lateral
ositions appeared to express LIM3 more weakly than
IM3-positive medial interneurons. The Sox14-positive in-
erneurons were clearly segregated from dorsal interneu-
ons which express ISL1 protein, detected by the pan-ISL1/2
FIG. 3. Expression of Sox14 in a population of ventral interneuron
ord section showing a small population of Sox14-expressing neuron
of stage 18 spinal cord demonstrating that the Isl1-positive motor
24, expression of Sox14 has expanded but is still located dorsal to
tage 28 compared with that of Lim3 (F). Expression of Lim3 m
populations (arrows). At this stage, Sox14 expression is located dors
interneurons. Other groups of Lim3-positive interneurons are at a
that Sox14 is expressed in a subset of ventral interneurons. fp, floontibody (Fig. 4E). Similar results were obtained by analysis a
Copyright © 2000 by Academic Press. All rightf spinal cord sections of mouse embryos at 11.5 dpc (Figs.
F–4J and 4L).
The timing of Sox14 expression coincides with the onset
f terminal differentiation and formation of connections in
any interneuron populations (Oppenheim et al., 1998).
urther, Sox14 marks a novel subset of ventral interneurons
hat is distinct from, but overlapping with, groups of ventral
nterneurons expressing other transcription factor genes
uch as En1 and Lim3 (Figs. 4M and 4N). Given the
chick spinal cord. (A) Sox14 in situ hybridization of stage 18 spinal
rows) in the lateral intermediate zone. (B) Isl1 in situ hybridization
ons are located ventral to the Sox14-expressing cells. (C) By stage
l1-expressing motor neurons. (E) In situ hybridization of Sox14 at
the medial motor column and a subset of ventral interneuron
the medial motor column and some of the Lim3-expressing ventral
oventral level similar to that of Sox14-expressing cells, indicating
te; mn, motor neuron. Scale bar, 100 mm.s in
s (ar
neur
(D) Is
arks
al to
dorspparent role of Sox genes in cell-type specification in a
s of reproduction in any form reserved.
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148 Hargrave et al.FIG. 4. Expression of Sox14 in the spinal cord demarcates a novel group of ventral interneurons in stage 25 chick and 11.5-dpc mouse
embryos. (A and B) Comparison of Sox14 expression with that of EN1 protein in chick spinal cord and (F and G) En1 mRNA in mouse spinal
cord. In both species, a large proportion of Sox14-expressing cells are located ventral to EN1/En1-positive interneurons (arrowheads),
although there is some overlap of expression domains (arrows). Expression of Sox14 compared with the location of Chx10 mRNA and LIM3
rotein in chick (A, C, and D) and mouse (F, H, and I) shows that Chx10/LIM3-positive ventral interneurons (V2 interneurons) are located
t a dorsoventral level similar to that of those expressing Sox14. Comparison of Sox14 expression with the distribution of motor neurons
(mn) and dorsal interneurons, as visualized by the pan ISL1/2 antibody, in adjacent chick sections (A and E) and double-label mouse sections
(J, Sox14 in situ hybridization, blue-purple; ISL1/2 immunohistochemistry, orange-brown) demonstrates that Sox14 is not expressed in
either of these cell populations. (K) Double labeling of chick and (L) mouse sections for Sox14 mRNA and LIM3 protein revealed that
edially positioned Sox14-positive cells also express LIM3 (arrows). While a proportion of Sox14-positive cells positioned more laterally
also coexpresses LIM3, a small number express Sox14 alone. It also appears that lateral cells expressing both markers have weaker LIM3
expression relative to LIM3-positive motor neurons and medial interneurons. Chick sections A, B, D, and E and mouse sections F–I are from
adjacent sections. The perimeter of the spinal cord in the mouse sections is indicated by a dotted line for clarity. fp, floor plate; scale bars,
100 mm. Diagrams of (M) chick and (N) mouse transverse spinal cord sections show interneuron groups demarcated by expression of
EN1/En1 (red), Sox14 (blue-purple), LIM3 (orange-brown), and Chx10 (dotted lines).
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149Sonic Hedgehog Regulation of Sox14-Positive Interneuronsvariety of developmental contexts (reviewed by Wegner,
1999), we propose that Sox14 is likely to be involved in the
pecification of this group of interneurons.
Specification of Sox14-Positive Spinal Interneurons
by Sonic Hedgehog Signaling
The dorsoventrally restricted expression of Sox14 in the
eveloping spinal cord suggests that the Sox14 expression
omain is influenced by an inductive signal from midline
ell groups. The notochord and floor plate have been shown
o specify several distinct classes of cell types in the
eveloping neural tube in vivo (Yamada et al., 1991, 1993).
e tested whether expression of Sox14 in the developing
pinal cord could be induced by a notochord-derived signal
ia in ovo grafting of ectopic notochord at different dorso-
entral positions. When a small fragment of notochord was
rafted lateral to the neural tube prior to tube closure,
ox14-positive cells were induced ectopically in more dor-
al regions of the neural tube (n 5 3, Fig. 5B). The positions
f the ectopically induced Sox14-positive cells appeared to
e around the grafted notochord, and an expansion of the
ox14-positive domain in a region flanked by the ectopic
nd endogenous notochord was also observed (Figs. 5B and
D). The position of these cells suggested that signals from
he grafted and endogenous notochords, which were other-
ise below the threshold for the induction of Sox14, were
ombined to induce Sox14-positive cells (Fig. 5D). No
hanges were detected in the positions of Sox14-positive
ells or other cell types on the control side of the spinal cord
data not shown). A similar summation effect of the induc-
ive signal on motor neuron and floor plate induction by
otochord grafts has been reported (Yamada et al., 1991;
laczek et al., 1991).
When an ectopic notochord was placed onto the dorsal
idline of the neural tube immediately prior to closure, the
ormal domain of Sox14 expression was disrupted and
ctopic dorsal expression was induced adjacent to the graft
n 5 3, Fig. 5C). This effect was likely due to a summation
f the inductive signal from ectopic and normal notochord
Fig. 5D). It might be expected that such a notochord graft
ould induce ectopic Sox14-positive cells at a fixed dis-
ance from the graft tissue; however, no ectopic Sox14-
ositive cells were found at the dorsal midline or within the
oof plate region. This suggests that these regions are
nable to produce Sox14-expressing cells in response to
otochord-derived signals (Fig. 5D). In such operated em-
ryos, a dorsal midline with normal morphology was
ormed outside of the region of grafted notochord (Fig. 5C),
uggesting that the induction of Sox14-positive cells was
epressed by dorsal midline-derived signals. Such signals
ave previously been shown to repress the induction of
entral cell types while inducing dorsal cell types (Yamada
t al., 1993; Liem et al., 1997). Taken together, these results
uggest that the positions of Sox14-positive cells in the
entral spinal cord are determined by an inductive signal
Copyright © 2000 by Academic Press. All rightmanating from the notochord and/or floor plate in vivo, in
dose-dependent manner.
It has been demonstrated previously that SHH-N, derived
rom the notochord, can diffuse and induce distinct ventral
ell types, including floor plate, motor neurons, and ventral
nterneurons (Roelink et al., 1995; Martı´ et al., 1995;
ricson et al., 1996). We predicted that the ectopic Sox14-
ositive cells might be induced by SHH-N secreted by the
ctopic notochord and ectopically induced floor plate and
hat the position of Sox14-positive cells in vivo might be
etermined by a critical concentration of SHH-N in a
orsoventral gradient. We tested this possibility by subject-
ng neural plate explants to varying concentrations of
HH-N in vitro and examining the expression of various
arker genes by RT-PCR.
In this assay, the types of neural cells induced by SHH-N
hanged in a dose-dependent manner (Fig. 6A). At the
ighest concentration tested in this study (20 nM), a floor
late-specific gene, Netrin1 (Kennedy et al., 1994; Tanabe et
l., 1995), and a marker gene for early developing motor
eurons, Islet1 (Ericson et al., 1992), were induced, but no
ignificant expression of Sox14 was detected. At lower
oncentrations of SHH-N (0.2–2 nM), both Sox14 and Islet1
ere induced. The levels of induction of these markers also
ppeared to be dose-dependent. At these concentrations of
HH-N, no Netrin1 expression was detected. We found that
ox14 could be induced at a 10-fold lower concentration
0.02 nM) without inducing either Islet1 or Netrin1 in the
ame sample. This result demonstrates that Sox14-positive
ells are induced in a dose-dependent manner by SHH-N
ith a distinct concentration range which is likely to
verlap partly with those ranges sufficient for induction of
1 and V2 interneurons (Ericson et al., 1997). To confirm
hat the explant assay exhibits the same cell-type-specific
xpression of Sox14 (ventral interneurons) and ISLET-1/2
motor neurons) as in vivo, we performed in situ hybridiza-
ion and immunohistochemistry on individual neural plate
xplants cultured with either 0.2 nM SHH-N or notochord
Figs. 6B and 6C). These conditions were chosen as expres-
ion of both Sox14 and ISLET-1/2 is induced. In either case,
xpression of both markers could be observed in distinct
opulations of nonoverlapping cells.
DISCUSSION
We have described the isolation and characterization of a
novel gene, Sox14, in mouse and chick and have examined
its expression pattern during embryonic development.
Sox14 shows extremely high conservation between species,
not only at the sequence level but also in expression profiles
in the developing CNS. The N-terminal region of the
SOX14 protein contains an HMG box similar to that found
in Sox1, -2, -3, -19, and -21, while the C-terminal region
contains a relative abundance of hydrophobic residues in-
cluding prolines, leucines, and alanines but lacks charged
residues (Fig. 1B), characteristics also shared with the
s of reproduction in any form reserved.
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150 Hargrave et al.closely related Sox21 (Rex et al., 1997; Uchikawa et al.,
1999). Outside the HMG box, no significant homology to
known sequences other than Sox21 was found in sequence
databases. SOX transcription factors characterized to date
FIG. 5. Ectopic Sox14-positive cells in developing spinal cord are
cord preparations showing the locations of the Sox14-positive cells
of notochord (n9) transplanted from a donor embryo to a position la
cells at more dorsal levels (B, arrowheads) than seen in spinal cord
be located at a defined distance around the grafted notochord. Note
the endogenous notochord (asterisk). (C) Expression of Sox14 in do
orsal midline of the neural tube. Although Sox14 expression wa
induced to express Sox14 by the ectopic notochord. The patterning o
manating from the notochord/floor plate. Diagrams in (D) show sc
ormal and grafted embryos. Graded blue colors indicate the sign
ellow. Additional signals expressed in the dorsal neural tube set
entral cell types including Sox14-positive cells. fp, floor plate; rpapparently act as transcription factors that bind to DNA in k
Copyright © 2000 by Academic Press. All rightsequence-specific manner and interact with other proteins
Wegner, 1999). Recent studies have indicated that chick
OX14 and the related SOX21 may behave in this manner
o repress transcription in an in vitro reporter assay (Uchi-
ced by notochord grafts in vivo. Lateral views of flat-mount spinal
e control (A) and the grafted embryos (B and C). A small fragment
to the developing neural tube in ovo induced Sox14 expression in
an normal embryo (A). Further, the ectopic dorsal cells appear to
an expanded area of Sox14-positive cells between the ectopic and
ells (arrows) induced by ectopic notochord (n9) transplanted to the
uced at ectopic positions, cells near the dorsal midline were not
14-positive cells may be explained by gradients of inductive signal
atic representations of assumed gradients of an inductive signal in
radient and the positions of Sox14-positive cells are indicated in
area (delineated by dotted line) inhibitory to the development of
plate; D, dorsal; V, ventral. Scale bar, 50 mm.indu
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also
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151Sonic Hedgehog Regulation of Sox14-Positive InterneuronsSox14 and -21 suggests that these two genes are particularly
closely related within Sox group B. However, Sox14 exhib-
FIG. 6. Expression of Sox14 in neural plate explant cultures is
induced by recombinant SHH-N protein in a dose-dependent man-
ner. (A) Expression of Sox14 assayed by RT-PCR and subsequent
Southern blotting in neural plate explants cultured in the presence
of SHH-N. Note that Sox14 expression is induced at a range of
oncentrations including 0.02 nM. However, Sox14 is not ex-
ressed in explants cultured in the presence of 20 nM SHH-N. In
ontrast, expression of the ventral motor neuron marker, Islet1, is
nduced at high and medium concentrations of SHH-N. The
oexpression of Sox14 and Islet1 at 2 and 0.2 nM is likely to be
aused by microgradients of SHH-N within the neural plate ex-
lant. Expression of Netrin1, a floor plate marker, is induced only
t the highest concentration of SHH-N. Competence of explants to
espond to SHH-N is shown by culturing explants adjacent to
otochord tissue (1NC) and RT-PCR detection of gene expression
as controlled by amplification of S17 ribosomal RNA. (B) Expres-
ion of Sox14 mRNA (in situ hybridization, blue-purple) and ISL1/2
rotein (immunohistochemistry, orange-brown) in sections of in-
ividual chick neural explants cultured in the presence of 0.2 nM
HH-N recombinant protein or (C) notochord. Note that Sox14 and
SL1/2 are expressed in different cell populations. Scale bar, 50 mm.its a more restricted expression within the spinal cord than (
Copyright © 2000 by Academic Press. All righthe other group B members, a number of which are impli-
ated in neuronal competence or maturation rather than
ell-type specification along the dorsoventral axis.
Expression of Sox14 Demarcates a Distinct Neuronal
Population in the Vertebrate Spinal Cord
Little is known at present of the molecular processes
underpinning the development of spinal interneurons. Re-
cent studies in chick and mouse spinal cord have defined
distinct subpopulations of interneurons based on the ex-
pression of cell-type-specific genes (Ericson et al., 1997;
Liem et al., 1997; Matise and Joyner, 1997). In 11.5-dpc
mouse and stage 25 chick spinal cord, Sox14 is expressed in
a population of cells which overlaps with, but is distinct
from, other groups of ventral interneurons previously de-
fined by the expression of En1 (V1 interneurons) and
Chx10/Lim3 (V2 interneurons; Burrill et al., 1997; Ericson
et al., 1997; Matise and Joyner, 1997). This situation is in
contrast with that of the homeodomain gene Chx10, the
expression of which apparently overlaps completely with
that of Lim3 in V2 interneurons (Ericson et al., 1997;
Tanabe et al., 1998). Our observations of Sox14 expression
indicate that more than two groups of interneuron can be
defined by marker gene expression and these can coexist at
a similar dorsoventral level.
The overlapping expression of Sox14 and En1 and the
coexpression of Sox14 and LIM3 in some cells may indicate
the presence of a common progenitor that gives rise to
limited subtypes of ventral interneurons. This expression
pattern also implies that Sox14 marks a heterogeneous
group of interneurons and that a combinatorial code of
transcription factor gene expression may exist for interneu-
ron specification (Burrill et al., 1997). It will be necessary to
determine the axon projection patterns and neurotransmit-
ter types of the Sox14-positive cells in order to clarify this
issue and to predict their physiological roles in the spinal
cord. These studies are currently in progress.
Cell Fate of Sox14-Positive Interneurons
Is Controlled by a SHH-N Gradient
in the Ventral Spinal Cord
Sox14-expressing cells are located in a restricted dorso-
ventral band in the ventral portion of the developing spinal
cord. Our in vivo grafting experiments demonstrated that
Sox14-positive interneurons can be induced in ectopic po-
sitions by an ectopically placed notochord. The relative
positions of the induced Sox14-positive interneurons ap-
peared to be at a fixed distance from the notochord. More-
over, an in vitro induction assay using chick neural plate
xplants demonstrated that different threshold dosages of
HH-N appear to induce different neuron types: Sox14-
ositive interneurons or Islet1-positive motor neurons. Pre-
ious studies have shown that other distinct ventral cell
ypes are marked by the expression of transcription factors
including En1 and Lim3/Chx10) and that these cell types
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152 Hargrave et al.can be induced by SHH-N at distinct threshold concentra-
tions (Ericson et al., 1997). Together, these findings support
he proposal that a concentration gradient of SHH-N can
enerate multiple cell types, including distinct subtypes of
nterneurons, along the D-V axis of the neural tube. Fur-
hermore, the inability of grafted notochord to induce
ox14-positive cells near the dorsal midline suggests that
he induction of Sox14-positive ventral interneurons is
epressed by dorsally derived signals, similar to those in-
ucing dorsal cell types and repressing motor neuron induc-
ion (Yamada et al., 1993; Lee and Jessell, 1999).
A model of cell-type specification based solely on a
radient of SHH-N, however, cannot readily explain the
bservation of distinct ventral interneuron subtypes (as
udged by marker expression) at identical or overlapping
orsoventral levels. This raises the possibility that differ-
nces between these interneuron subtypes are generated by
dditional mechanisms. To support this idea, it has been
uggested that the generation of En1-positive ventral inter-
eurons involves signaling from early developing motor
eurons in adjacent positions (Pfaff et al., 1996).
The highly conserved and restricted expression of Sox14
emonstrated in this study will provide a useful tool for the
nvestigation of cell-type specification in the ventral spinal
ord by allowing a more detailed analysis of notochord- and
oor plate-derived inductive signals. Further, the physiolog-
cal characterization of Sox14-expressing cells, combined
ith inactivation of the Sox14 gene by genetic approaches,
hould provide insight into how neuronal cell fate is influ-
nced by this gene.
ACKNOWLEDGMENTS
We are grateful to Dr. Tom Jessell and Dr. Susan Brenner-Morton
for gifts of SHH-N recombinant protein, cDNA probes, and anti-
bodies and to Dr. Martyn Goulding, Dr. Kiyo Sakagami, and Dr.
Kunio Yasuda for Chx10 cDNA probes. We thank Professor Hisato
Kondoh for sharing data prior to publication, Dr. Tim Cox for
advising on the analysis of chick Sox14 sequence data, and Profes-
or Patrick Tam for critically reading the manuscript. This work
as supported by grants from the National Health & Medical
esearch Council, Australia, and the Australian Research Council.
he Centre for Molecular and Cellular Biology is an ARC Special
esearch Centre. P.K. is an ARC Senior Research Fellow.
REFERENCES
Arsic, N., Rajic, T., Stanojcic, S., Goodfellow, P. N., and
Stevanovic, M. (1998). Characterisation and mapping of the
human SOX14 gene. Cytogenet. Cell Genet. 83, 139–146.
Bi, W., Deng, J. M., Zhang, Z., Behringer, R. R., and de Crombrug-
ghe, B. (1999). Sox9 is required for cartilage formation. Nat.
Genet. 22, 85–89.
Bianchi, M. E. (1995). The HMG-box domain. In “DNA–Protein:
Structural Interactions” (D. M. J. Lilley, Ed.), pp. 177–200. IRL
Press, Oxford.
Burrill, J. D., Moran, L., Goulding, M. D., and Saueressig, H. (1997).
PAX2 is expressed in multiple spinal cord interneurons, includ-
Copyright © 2000 by Academic Press. All righting a population of EN11 interneurons that require PAX6 for
their development. Development 124, 4493–4503.
ollignon, J., Sockanathan, S., Hacker, A., Cohen-Tannoudji, M.,
Norris, D., Rastan, S., Episkopou, V., Stevanovic, M., Goodfel-
low, P. N., and Lovell-Badge, R. (1996). A comparison of the
properties of Sox-3 with Sry and two related genes, Sox-1 and
Sox-2. Development 122, 509–520.
ricson, J., Morton, S., Kawakami, A., Roelink, H., and Jessell,
T. M. (1996). Two critical periods of Sonic hedgehog signaling
required for the specification of motor neuron identity. Cell 87,
661–673.
ricson, J., Rashbass, P., Schedl, A., Brenner-Morton, S., Kawakami,
A., van Heyningen, V., Jessell, T. M., and Briscoe, J. (1997). Pax6
controls progenitor cell identity and neuronal fate in response to
graded Shh signalling. Cell 90, 169–180.
ricson, J., Thor, S., Edlund, T., Jessell, T. M., and Yamada, T.
(1992). Early stages of motor neuron differentiation revealed by
expression of homeobox gene Islet-1. Science 256, 1555–1560.
amburger, V. (1948). The mitotic patterns in the spinal cord of the
chick embryo and their relation to histogenic processes. J. Comp.
Neurol. 88, 221–284.
amburger, V., and Hamilton, H. L. (1951). A series of normal
stages in the development of the chick embryo. J. Morphol. 88,
49–92.
argrave, M., Wright, E., Kun, J., Emery, J., Cooper, L., and
Koopman, P. (1997). Expression of the Sox11 gene in mouse
embryos suggests roles in neuronal maturation and epithelio-
mesenchymal induction. Dev. Dyn. 210, 79–86.
eske, Y. W. A., Bowles, J., Greenfield, A., and Koopman, P. (1995).
Expression of a linear Sry transcript in the mouse genital ridge.
Nat. Genet. 10, 480–482.
ennedy, T. E., Serafini, T., de la Torre, J. R., and Tessier-Lavigne,
M. (1994). Netrins are diffusible chemotropic factors for commis-
sural axons in the embryonic spinal cord. Cell 78, 425–435.
Koopman, P., Gubbay, J., Vivian, N., Goodfellow, P., and Lovell-
Badge, R. (1991). Male development of chromosomally female
mice transgenic for Sry. Nature 351, 117–121.
Kornhauser, J. M., Leonard, M. W., Yamamoto, M., LaVail, J. H.,
Mayo, K. E., and Engel, J. D. (1994). Temporal and spatial changes
in GATA transcription factor expression are coincident with
development of the chicken optic tectum. Mol. Brain Res. 23,
100–110.
Kozak, M. (1989). The scanning model for translation: An update.
J. Cell Biol. 108, 229.
Kuhlbrodt, K., Herbarth, B., Sock, E., Hermans-Borgmeyer, I., and
Wegner, M. (1998). Sox10, a novel transcriptional modulator in
glial cells. J. Neurosci. 18, 237–250.
ee, K. J., and Jessell, T. M. (1999). The specification of dorsal cell
fates in the vertebrate central nervous system. Annu. Rev.
Neurosci. 22, 261–294.
Liem, K. F., Jr., Tremml, G., and Jessell, T. M. (1997). A role for the
roof plate and its resident TGFb-related proteins in neuronal
patterning in the dorsal spinal cord. Cell 91, 127–138.
iu, I. S., Chen, J. D., Ploder, L., Vidgen, D., van der Kooy, D.,
Kalnins, V. I., and McInnes, R. R. (1994). Developmental expres-
sion of a novel murine homeobox gene (Chx10): Evidence for
roles in determination of the neuroretina and inner nuclear layer.
Neuron 13, 377–393.
Malas, S., Duthie, S., Deloukas, P., and Episkopou, V. (1999). The
isolation and high-resolution chromosomal mapping of human
SOX14 and SOX21: Two members of the SOX gene family related
to SOX1, SOX2, and SOX3. Mamm. Genome 10, 934–937.
s of reproduction in any form reserved.
OP
P
P
R
R W
153Sonic Hedgehog Regulation of Sox14-Positive InterneuronsMartı´, E., Bumcrot, D. A., Takada, R., and McMahon, A. P. (1995).
Requirement of 19K form of Sonic hedgehog for induction of
distinct ventral cell types in CNS explants. Nature 375, 322–325.
Matise, M. P., and Joyner, A. L. (1997). Expression patterns of
developmental control genes in normal and Engrailed-1 mutant
mouse spinal cord reveal early diversity in developing interneu-
rons. J. Neurosci. 17, 7805–7816.
ppenheim, R. W., Shneiderman, A., Shimizu, I., and Yaginuma,
H. (1998). Onset and development of intersegmental projections
in the chick embryo spinal cord. J. Comp. Neurol. 275, 159–180.
evny, L. H., Sockanathan, S., Placzek, M., and Lovell-Badge, R.
(1998). A role for SOX1 in neural determination. Development
125, 1967–1978.
faff, S. L., Mendelsohn, M., Stewart, C. L., Edlund, T., and Jessell,
T. M. (1996). Requirement for LIM homeobox gene Isl1 in motor
neuron generation reveals a motor neuron-dependent step in
interneuron differentiation. Cell 84, 309–320.
laczek, M., Yamada, T., Tessier-Lavigne, M., Jessell, T., and Dodd,
J. (1991). Control of dorsoventral pattern in vertebrate neural
development: Induction and polarizing properties of the floor
plate. Development Suppl. 2, 105–122.
ex, M., Uwanogho, D. A., Orme, A., Scotting, P. J., and Sharpe,
P. T. (1997). cSox21 exhibits a complex and dynamic pattern of
transcription during embryonic development of the chick central
nervous system. Mech. Dev. 66, 39–53.
ichardson, W. D., Pringle, N. P., Yu, W.-P., and Hall, A. C. (1997).
Origins of spinal cord oligodendrocytes: Possible developmental
and evolutionary relationships with motor neurons. Dev. Neu-
rosci. 19, 58–68.
Roelink, H., Augsburger, A., Heemskerk, J., Korzh, V., Norlin, S.,
Ruiz i Altaba, A., Tanabe, Y., Placzek, M., Edlund, T., Jessell,
T. M., and Dodd, J. (1994). Floor plate and motor neuron
induction by vhh-1, a vertebrate homolog of hedgehog expressed
by the notochord. Cell 76, 761–775.
Roelink, H., Porter, J. A., Chiang, C., Tanabe, Y., Chang, D. T.,
Beachy, P. A., and Jessell, T. M. (1995). Floor plate and motor
neuron induction by different concentrations of the amino-
terminal cleavage product of Sonic hedgehog autoproteolysis.
Cell 81, 445–455.
Rossi, P., Dolci, S., Albanesi, C., Grimaldi, P., and Geremia, R.
(1993). Direct evidence that the mouse sex-determining gene Sry
is expressed in the somatic cells of male fetal gonads and in the
germ cell line in the adult testis. Mol. Reprod. Dev. 34, 369–373.
Rugh, R. (1968). “The Mouse: Its Reproduction and Development.”
Burgess, Minneapolis.
Copyright © 2000 by Academic Press. All rightSouthard-Smith, E. M., Kos, L., and Pavan, W. J. (1998). Sox10
mutation disrupts neural crest development in Dom Hirsch-
sprung mouse model. Nat. Genet. 18, 60–64.
Tanabe, Y., Roelink, H., and Jessell, T. M. (1995). Induction of
motor neurons by Sonic hedgehog is independent of floor plate
differentiation. Curr. Biol. 5, 651–658.
Tanabe, Y., William, C., and Jessell, T. M. (1998). Specification of
motor neuron identity by the MNR2 homeodomain protein. Cell
95, 67–80.
Tsuchida, T., Ensini, M., Morton, S. B., Baldassare, M., Edlund, T.,
Jessell, T. M., and Pfaff, S. L. (1994). Topographic organization of
embryonic motor neurons defined by expression of LIM ho-
meobox genes. Cell 79, 957–970.
Uchikawa, M., Kamachi, Y., and Kondoh, H. (1999). Two distinct
subgroups of Group B Sox genes for transcriptional activators and
repressors: Their expression during embryonic organogenesis of
the chicken. Mech. Dev. 84, 103–120.
Uwanogho, D., Rex, M., Cartwright, E. J., Pearl, G., Healy, C.,
Scotting, P., and Sharpe, P. T. (1995). Embryonic expression of
the chicken Sox2, Sox3 and Sox11 genes suggests an interactive
role in neural development. Mech. Dev. 49, 23–36.
Vriz, S., Joly, C., Boulekbache, H., and Condamine, H. (1996).
Zygotic expression of the zebrafish Sox-19, an HMG box-
containing gene, suggests an involvement in central nervous
system development. Mol. Brain Res. 40, 221–228.
egner, M. (1999). From head to toes: The multiple facets of Sox
proteins. Nucleic Acids Res. 27, 1409–1420.
Wright, E., Hargrave, M. R., Christiansen, J., Cooper, L., Kun, J.,
Evans, T., Gangadharan, U., Greenfield, A., and Koopman, P.
(1995). The Sry-related gene Sox-9 is expressed during chondro-
genesis in mouse embryos. Nat. Genet. 9, 15–20
Wright, E. M., Snopek, B., and Koopman, P. (1993). Seven new
members of the Sox gene family expressed during mouse devel-
opment. Nucleic Acids Res. 21, 744.
Yamada, T., Pfaff, S. L., Edlund, T., and Jessell, T. M. (1993). Control
of cell pattern in the neural tube: Motor neuron induction by
diffusible factors from notochord and floor plate. Cell 73, 673–686.
Yamada, T., Placzek, M., Tanaka, H., Dodd, J., and Jessell, T. M.
(1991). Control of cell pattern in the developing nervous system:
Polarizing activity of the floor plate and notochord. Cell 64,
635–647.
Received for publication May 25, 1999
Revised November 15, 1999Accepted November 17, 1999
s of reproduction in any form reserved.
